Fluid production of L field, Bohai Bay Basin, offshore eastern China is mainly from the Palaeogene Dongying D interval. The stratigraphy framework and depositional model of the braided-river delta system within the D interval are investigated using seismic, well log, core data and production response. The D interval is interpreted as having been deposited in a lowstand system tract. And two progradational successions are recognized, including in ascending order the D2 and D1. The younger sandstone in the D1 interval is of greater thickness and larger distribution area than the elder sandstone in the D2 interval. Six core facies and five log patterns are recognized and interpreted to be underwater distributary channels, levees, overbank splays, mouth bars, sheet sand and shalier interchannel deposits. Channel deposits occur along the trend of thickest D2 and D1 sandstones. The sandstones that flank each side of the channel deposits are interpreted to be levee and overbank splay deposits. The sandstones that develop at terminal distributary channel mouth are interpreted to be mouth bar and sheet sand deposits. Channel-flank deposits can form good-quality reservoir sandstones, but they contain interbedded siltstones and thus have lower porosity and permeability than do channel deposits. The facies distributions predicted for the D interval match trends of the daily total fluid production. Knowledge gained from study of the L field has application to the development of other fields with similar depositional and diagenetic histories.
Introduction
Braided-river delta is one of the common sedimentary types in terrestrial basins. It can be discovered in Ordos Basin, Tarim Basin, Bohai Bay Basin, etc. in China Dong, Yang, Chen, Wang, & Cao, 2014; Zhu et al., 2016) . Since 1990s, braided-river delta has become a hotspot for oil and gas exploration and development (Yu, Wang, & Sun, 1995; Li, Lin, Yuan, & Wang, 1996) .
Some important studies of braided-river delta in China have been described. Wang, Yang, Bian, Luo and Wen (2012) obtained the contrast modes and laws for the subdivision of braided-river delta front sand bodies. Yin, Yu and Lu (2006) , Tian et al. (2011) and Zhu et al. (2016) studied the lithology, texture and sedimentary structure of braided-river deltas. Zhang et al. (2013) and Lan et al. (2014) described the controlling factors of braided-river delta reservoir quality. Wen et al. (2012) conducted a sedimentation simulation experiment. Wang, Sun, Zhang and Ma (2008) , Wang (2010) and Liang et al. (2011) reported that together with specific structural settings, braided-river deltas can form many types of favorable petroleum accumulation zones．Compared with these studies, we discussed the stratigraphic framework and depositional model of the braided-river delta sandstones within the second member of Palaeogene Dongying Formation, L field, Bohai sea, eastern China.
In Bohai Sea, the Paleogene sand-rich sedimentary systems are dominated by various deltas. The structure activity is mainly overall subsidence during the deposition of the second member of Dongying Formation, resulting in the predominance of braided-river deltas, with a total area of 13600km 2 (Li, Zhou, & Lv, 2011) .
In-place oil resources within the Liaodong Bay are estimated to total 1.3 billion ton and the proved reserves are primarily contained within reservoirs of the lower part of the second member of Dongying Formation, accounting for nearly 75% (Wang, Wang, Lv, & Fan, 2011; Li, Dai, & Yu, 2006) . One such reservoir is the second member of Dongying Formation at L field ( Figure 1 ). Estimate of proved oil reserves is nearly 314 million bbl (50 million m 3 ) at L field.
The efficacy of production schemes is dependent on the accurate depiction of preferred reservoir intervals (Zhu, 2008) . This study predicts occurrence of depositional facies in wells that lack core control and the spatial distribution of depositional facies within a time stratigraphic framework, in which this distribution corresponds to historic trends of fluid production. 14 large oil fields and 25 hydrocarbon-bearing structures have been discovered in the Liaodong Bay till 2011 . Knowledge gained from study of the L field has application to the development of other fields with similar depositional and diagenetic histories.
Geological Setting
The L field is located offshore along the middle Liaoxi low uplift, Liaodong Bay depression within the Bohai sea of eastern China (Figure 1 ). The field is bounded by faults to the NW and extends into depression to the SW.
The NE-SW trending Liaodong Bay depression was uplifted during the late Mesozoic. And the Cenozoic evolution was divided into two stages: rifting during the Paleogene and post-rifting from the Neogene to Quaternary . Three large fault systems: the linked Liaoxi extensional fault system, the Liaodong extensional fault system and the Tan-Lu strike-slip fault system dominate the structure. The fault systems mostly elongates to the NE-SW direction. The depression consists of three major sags (Liaoxi, Liaozhong and Liaodong) and two low uplifts (Liaoxi and Liaodong) (Xu et al., 2011; Ji, 2008; Zhu et al., 2008) . Most sags in the depression are characterized by inclined basement surfaces overlain by Cenozoic strata. The basement rocks include Mesozoic volcanic rocks, Paleozoic carbonate rocks and Archean metamorphic rocks Lv et al., 2009 ). The syn-rift strata comprise the Shahejie and Dongying formations that are widely distributed in the area .
The lithostratigraphy in the L field area is made up of Paleozoic carbonate basement unconformably covered with Cenozoic clastic and carbonate sediments. At L field, oil is produced from the second member of the Paleogene Dongying Formation . It consists of braided-river delta sediments. Five oil layers are correlated across L field, and their stratigraphic designations are referenced sequentially relative to their position (from top to bottom are 0, Ⅰ, Ⅱ, Ⅲ, and Ⅳ). The Ⅱ oil layer is the thickest and most widespread reservoir, overlain by a large set of mudstones and siltstones below the Ⅰ oil layer (M1+M2). The D interval at the top of the Ⅱ oil layer is the primary production layer. Cores are available within the D interval, and therefore, this work is focused on this interval. 
Stratigraphic Framework

Regional Overview
The Cenozoic evolution of Liaodong Bay depression includes rifting during the Paleogene and post-rifting esr.ccsenet.org Earth Science Research Vol. 9, No. 1; 2020 during the Neogene, which divides the Paleogene and the Neogene into two first-order sequences Wang et al., 2011) . Based on the type and distribution of regional unconformities, the Paleogene is divided into four second-order sequences Zhu et al, 2011) . Third-order sequence boundaries can be identified through (1) palaeontology grouping changes; (2) obvious rock electrical property changes; and (3) apparent seismic reflection terminations Ji, 2005; Guo, Zhou, Lai, Li, & Shi, 2011; Guo et al, 2012) . Six third-order sequence boundaries are identified within the Paleogene of Liaodong Bay depression, and the Dongying Formation at Liaoxi low uplift consists of three third-order sequences: SQd3, SQd2 and SQd1 Zhu et al, 2011) .
Seismic Reflection
The hydrocarbon-bearing zones of L field mainly locate at SQd2. SQd2 is interpreted as a third-order sequence, including a lowstand systems tract (LST), a transgressive systems tract (TST), and a highstand systems tract (HST). In the seismic sections, the top sequence boundary, corresponding to the bottom surface of the first member of Dongying Formation, is marked by seismic toplaps. The bottom sequence boundary is delineated by the reflection interface that separates the second and the third member of Donying Formation. Onlaps are commonly observed but truncations occur at some uplift areas as well. The first flooding surface (FFS) is the internal boundary between LST and TST. The FFS can be readily identified on well log patterns. The boundary between TST and HST is the maximum flooding surface (MFS). It shows continuous reflectors with strong phase ( Figure 2 ). 
Vertical Profile
The second member of the Paleogene Dongying Formation consists of interbedded siltstones, fine-grained sandstones and mudstones at the top (0,Ⅰ), large sets of mudstones and siltstones in the middle (designated M1+M2 in this paper) and interbedded coarse to fine-grained sandstones, siltstones and mudstones on the bottom (Ⅱ, Ⅲ, Ⅳ). The D interval is at the most top of theⅡoil layer.
The gamma-ray log ( Figure 3 ) through theⅠ, M, and D intervals in Well A21S1 indicates the D interval as coarsening upward, the M1 interval as fining upward and the M2+Ⅰinterval as coarsening upward. The coarsening-upward and fining-upward trends are punctuated by finer materials, interpreted as siltstones and mudstones deposited on flooding surfaces. The coarsening-upward followed by fining-upward feature of the D/M1 suggests progradation followed by retrogradation. And the fining-upward followed by coarsening-upward character of M1/M2+Ⅰsuggests retrogradation followed by progradation.
The D/M1 intervals are a progradational parasequence set capped by a retrogradational parasequence set. And the M1/M2+Ⅰintervals are a retrogradational parasequence set capped by a progradational parasequence set.
The maximum flooding surface (MFS) typically occurs at the transition from retrogradational to progradational parasequence sets (Ji, 2005) . And MFS typically locates within widely and stably distributed mudstones, which esr.ccsenet.org Earth Science Research Vol. 9, No. 1; 2020 appears on the gamma-ray log as the local maximum (Guo et al, 2012) . Based on this observation, a maximum flooding surface is inferred at the top of the M1 retrogradational parasequence set.
The first flooding surface (FFS) in L oilfield is like a division surface above which is lacustrine mudstones and below which is thick-bedded delta sandstones (Guo et al, 2012) . The FFS is inferred at the top of the D progradational parasequence set. Figure 2b 3.4 Core Description
Cores are available through the D interval for Well A21S1 (Figure 4) , showing the D progradational parasequence set. Two progradational successions are recognized, including in ascending order the D2 and D1.
The following attribute mapping is limited to these two intervals. In core, individual parasequence comprises braided-river delta deposits. The D1 mainly includes medium to coarse grained distributary channel sandstones. Scour surfaces and pebble lags are commonly found at the bottom of channels. The D2 is finer grained, mainly including siltstones and fine sandstones. Figure 4 . A21S1 core description of the D interval, showing grain size and key sedimentary structures observed in core. The D interval is subdivided into two progradational successions (D2 and D1). The location of the core is shown in Figure 3 . The depth is in SSTVD
Reservoir Characterization and Classification
Sandstone Distribution
The provenance of the second member of Dongying Formation of L field transitions from the northwest . The lateral variation of both rock compositions in Figure 5a and mean grain size in Figure 5b also indicate a northwest source. The younger sandstone in the D interval, the D1 (Figure 6a ), is oriented NNW-SSE. It mainly ranges from 12 to 28m in thickness and has a maximum thickness of 34m. The D1 sandstone widens but pinches out towards the southeastern part of the field. Reservoir sandstones in the D2 interval range from 8 to 24m in thickness. And as the D2 sandstone deposited, the Paleozoic carbonate basement of L field, or the buried hill, was locally exposed, separating the D2 sandstone into two parts orienting NW-SE and NNW-SSE, respectively (Figure 6b ).
The southwestern boundary is defined by both well data and seismic data. The thickness along the southeastern margin is defined based on the overall sandstone distribution because few wells were drilled where the sandstone is assumed to be charged with water instead of oil. 
Reservoir Facies Prediction
The D interval has been studied and interpreted as a braided-river delta complex that has been deposited in a lake basin . Distinguished on the basis of color, grain size, sedimentary structures and algal fossils, six core facies are recognized and interpreted to accumulate within braided-river delta environments (Figure 7) .
Underwater distributary channels are commonly observed within the study area. Coarser grained sandstones were deposited in distributary channels (Figure 7d ,e,f) whereas finer grained sandstones were deposited in channel-flank environments (Figure 7b,c) . Erosion surfaces overlain by pebble lags occur along the base of distributary channels (Figure 7f ). Cores have been water-flooded and are poorly cemented, so that sedimentary structures such as trough cross-bedding are rarely observed. In the subsurface, continuous cores are needed to record fully the details of deposits. However, only limited cores are available in the L field, thus well logs must be used to delineate reservoir facies. Well logs have been proved valuable in identifying various deposits by their vertical profile (Du et al., 2013; Li and Huang, 2017; Qi et al., 2018) . Examples are shown in Figure 8 . 
Reservoir Properties
Core samples were collected from the second member of Dongying Formation with the depth ranging from 1647.5 m to 1758.6 m of Well A21S1 and 1556.7 m to 1585.7 m of Well L-2. Sixty nine sidewall cores were collected from Well L-1 and Well L-2. Over one thousand times of analysis including conventional core analysis, thin section analysis, scanning electron microscope analysis, etc. were conducted. Well logs are corrected with core samples for porosity and permeability interpretation.
The D sandstone is medium-sorted, medium-rounded and fine to coarse grained arkoses. Porosity ranges from 25% to 31% and permeability ranges from 400 to 2500mD.
Underwater distributary channel sandstones have higher porosity and permeability, with porosity ranging from 29% to 35% and permeability from 1000 to 5500mD. Porosity in mouth bar deposits ranges from 25% to 31%; permeability ranges from 300 to 2200mD. Channel-flank deposits have lower qualities, with porosity from 23% to 28% and permeability from 350 to 2000mD.
Depositional Model
The D interval in L field are interpreted to have been deposited in a braided-river delta system with underwater distributary channels, levees, overbank splays, mouth bars, sheet sand and shalier interchannel deposits (Figure 9 , 10). The interpretation is made on the basis of core observations, log patterns, sandstone thickness and trends, and production response. The D interval is divided into D1 and D2. Mudstones deposited above flooding surfaces between D1 and D2 can be mapped throughout the reservoir, with the thickness mainly ranging from 1 to 4m. However, they may be poorly developed where sand-rich facies overlie other sand-rich facies.
In core, at least three channels are seen to be nested in the D1 interval (Figure 4 ). Similar nesting of multiple channels may occur in L field, but the well control is not sufficiently close to distinguish separate channels. So that the channels in the D1 and D2 intervals are vertically single channels are assumed.
Channel deposits are interpreted to occur along the trend of thickest D1 and D2 sandstones. They stretch out esr.ccsenet.org Earth Science Research Vol. 9, No. 1; 2020 10 from the northwestern towards the southeastern part of the field. Sandstones that flank each side of channels are interpreted to be levees and overbank splay deposits and are inferred to be continuous with channel sandstones. Channel-flank deposits can form good-quality reservoir sandstones, but they contain interbedded siltstones and thus have lower porosity and permeability than do channel deposits. The sandstones that develop at terminal distributary channel mouth are interpreted to be mouth bar and sheet sand deposits (Figure 9 , 10). Figure 9 . Cross sections, showing gamma-ray curve. Location of cross sections is shown in Figure 1b The younger deposition in D1 interval prograded towards the lake basin in comparison with the elder deposition in D2 interval ( Figure 10 ). Similar deposition pattern occurred in D1 and D2. In core, the D1 interval for Well A21S1 mainly includes medium to coarse grained sandstones and is interpreted to be deposited in channels. Whereas, the D2 interval in Well A21S1 core is finer grained, mainly including siltstones and fine sandstones, and is interpreted to be deposited in levees. 
Reservoir Performance
Although fluid production of L field is comingled between hydrocarbon-charged sandstones within the Ⅱ through Ⅳ units, most production is provided by the D1 and D2 sandstones. Production from each interval can be inferred from thickness * permeability. As such, a trend of average daily total fluid production can reflect the historic performance of the D1 and D2 sandstones.
Facies distribution predicted for these two sandstones match trends of the daily total fluid production. Well A12 is one of the better wells in the field, with the average daily total fluid production from the D1 sandstone of 208m 3 . Production from the D1 sandstone of Well A34 is lower, about 20m 3 . One possible explanation for this is that Well A12 is located in a channel deposit, while Well A34 is located in a channel flank deposit with interbedded siltstones and lower permeability. A similar trend can be found in the average daily total fluid production of the D2 sandstone, as that from Well A17 and Well A37 of 92m 3 and 15m 3 respectively.
Conclusions
1) At L field, the reservoir is subdivided into five oil layers that are designated the 0, Ⅰ, Ⅱ, Ⅲ
, and Ⅳ. The Ⅱ oil layer is the thickest and most widespread reservoir. And the D interval at the top of the Ⅱoil layer is the primary production layer. The coarsening-upward D interval is a progradational parasequence set capped by a retrogradational parasequence set. Two progradational successions are recognized, including in ascending order the D2 and D1.
2) Six core facies are recognized and interpreted to accumulate within braided-river delta environments. And guidelines developed from open-hole well logs are used to predict depositional facies in wells lacking core control. Underwater distributary channels, channel-flanks, mouth bars, sheet sand and shalier interchannel deposits are deposited in the field. Reservoir sandstones consist of channels, channel-flanks and mouth bars. Core porosity in mouth bars ranges from 25 to 31%; permeability ranges from 300 to 2200mD. Underwater distributary channel sandstones have higher qualities, with porosity ranging from 29% to 35% and permeability from 1000 to 5500mD. Channel-flank deposits have lower qualities, with porosity from 23% to 28% and permeability from 350 to 2000mD.
3) During deposition, sandstones within the D interval are accreted as a southeastward prograding succession across the L field. The D1 sandstone is restricted more southeastern parts of the field than the D2 sandstone.
Both sandstones widen but pinch out towards the southeastern part of the field and are thickest in the middle and pinch out along the margin on the either side. 4) Channel deposits are interpreted to occur along the trend of thickest D2 and D1 sandstones. Sandstones that flank each side of the channel deposits are interpreted to be levee and overbank splay deposits. Sandstones that develop at terminal distributary channel mouth are interpreted to be mouth bar and sheet sand deposits. Within the D1 and D2 sandstones, the predicted distribution of the higher reservoir quality facies corresponds to trends of better average daily total fluid production.
